Introduction
For in-service nuclear power plants in Japan, plant integrity is assured by the JSME Rules on Fitness-for-Service for Nuclear Power Plants. The first edition was published in 2000 and the revised editions have been issued every four years. The latest version is the 2016 edition. It provides flaw acceptance rules for flaw evaluation of austenitic stainless steel pipe including CASS, ferritic steel vessel and pipe. Pipe flaw evaluation is based on the LL method and elastic plastic fracture mechanics method. Since forged austenitic stainless steel has good ductility, the LL method is applied for a flawed pipe after detection of indications by ISI. Ferritic steel has a wide-range fracture toughness, and the LL method or the EPFM method for flaw evaluation of ferritic steel pipe is selected by a screening criterion considering tensile strength and fracture toughness. Two kinds of the EPFM methods in the JSME rules for FFS are provided, one is the Z-factor method (Wilkowski et al., 1989 ) and the other is the two-parameters method (Ainsworth et al., 1986) . Both of the methods are also provided in the ASME Section XI 2015 ed. The Z-factor method is a simplified method and the Z-factor is defined by the ratio of LL to ductile instability load by the EPFM method with J-T criterion or the two-parameters method, and is normally provided by a closed-form equation using parameters such as flaw direction, pipe diameter and flaw shape, depending on the required accuracy and convenience. The so-called two-parameters Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [DOI: 10.1299/mej. Based on these results, the flaw evaluation for CASS pipe in arbitrary aging condition has been established and a draft revision of the fracture analysis method for CASS pipe was proposed to the JSME committee of Codes and Standards. This is a technical background paper for the code revision of the JSME rules.
Verification test for fracture behavior of CASS using flat plates with a surface flaw
Since detailed information of the material test and fracture test was published in Hojo, et al. 2015 , a summary is described here.
Test conditions
Seven tests were conducted. The test matrix is shown in Table 1 . Material was JIS G 5121 SCS14A base metal (corresponding to CF8M) produced by static casting. The specimen A7 has a welding joint that is parallel to the tensile direction. Before the tests all specimens except A5 were exposed to a thermal aging condition of 465°C-5000h which is close to fully saturated condition. The specimen shape is shown in Fig.1 . At the center of the specimen an EDM notch was produced and a fatigue crack was introduced afterwards by cyclic tensile or bending load. The weld joint specimen A7 was produced by SMAW simulating the actual welding material NC-36LK, welding condition and the geometry of a weld joint groove.
3 method was developed by Ainsworth, et al. This method uses two kinds of parameters K r and S r relating to fracture mechanics and mechanics of materials, and is fundamentally equivalent to the J-T criterion for evaluation of ductile instability. The most remarkable feature is the applicability from brittle fracture to plastic collapse in one diagram.
Since CASS is susceptible to thermal aging and loses ductility after long term operation, the current JSME rules only permit the EPFM method under conservative assumption -fully aged condition, that is, the Z-factor approach or the two-parameters method as described above. The Z-factor equation for a CASS pipe of the JSME rules was formulated a few decades ago (Koyama, et al, 1999 and Koyama, 2009 ) for a pipe with a circumferential flaw only, and no equation for a pipe with an axial flaw is provided. On the other hand, thermal aging effect of CASS depends on ferrite content and thermal aging condition. When CASS contains a small amount of ferrite content or it is exposed to low thermal aging condition, the fracture mode should be plastic collapse. In this case, the LL method can be applied. Because the LL method is much easier than the two-parameters method, it will be convenient for the users to introduce this method for an axial flaw. Furthermore, the current Z-factor equation is based on the EPFM analysis using the simplified J equation (Kumar, et al., 1981) for a pipe with a circumferentially through-wall flaw subjected to bending and a very conservative combination of unaged S-S curve and fully aged J-R curve for high ferrite content, using the most conservative crack angle. As a result the current Z-factor equation for a circumferential flaw has a large margin. If a thermal degradation model with material properties depending on ferrite content and aging condition is introduced, the two-parameters method can reduce this excessive margin using the predicted material properties.
From the above background, the authors took measures to resolve the following three technical problems. First, tensile fracture tests of low and high ferrite CASS using flat plates with a surface flaw were performed to confirm the fracture behavior and demonstrate that plastic collapse occurs in the condition of low ferrite content, even in fully thermal aging condition. At the same time, applicability of a new fracture criterion for plastic collapse was verified for a shallow flaw. Second, the degradation model presented by Kawaguchi et al., 1997 Kawaguchi et al., , 2005 was reinvestigated and a revision of the prediction method for S-S curve was made to improve the prediction accuracy of the curve. Third, the Z-factor for a pipe with an axial flaw by Kamaya et al. 2016 was introduced and verified by comparison with FEA results. Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) The items measured were applied load (by load cell), COD (clip gauge), displacement between pins (displacement gauge), crack depth (electric potential method), temperature (thermo-couple), and deformation (video). The temperature was kept at 325°C during the test by using heater and insulating material. Table 2 shows a summary of the fracture tests. The following were observed.  The maximum loads for A3 (low ferrite) and A6 (high ferrite) with the same size flaws are nearly equal and within a 2% erence.  The maximum loads for A2 (aged) and A5 (unaged) with a similar size flaw are nearly equal and within a 2% difference.  On the other hand, the maximum CODs compared in the same manner as above are quite different (two times or more) (for example, Fig. 3 and Fig. 4 ).  The effects due to the difference of the materials and the residual stress by welding are negligible based on the results of A6 and A7. Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [DOI: 10.1299/mej.16-00642] 
Test result

Analysis of fracture test
In order to predict the maximum load, the LL method and two-parameters method using the analytical evaluation method provided by the JSME rules on FFS were applied. Since these methods of JSME rules on FFS are for a pipe, the calculation was modified for a flat plate. FE analysis was conducted because J calculation was required for the two-parameters method.
Analysis condition (1) Analysis method
The analysis procedures for the fracture modes of plastic collapse and ductile fracture were chosen for the flat plate tests with a surface flaw. a. LL method Sattari-Far, et al., 2004 provides S r as a parameter of the horizontal axis of the two-parameters method for a flat plate with a surface flaw as shown below.
(1) Here, (2) When σ y is replaced with σ f and S r =1, Eq. (1) can provide LL at plastic collapse of a flawed structure. σ f is normally defined by the average of σ y and σ B . As σ m was dominant for the fracture tests in this research, σ b was set to 0. Therefore the applied σ m at plastic collapse is given by Eq. (3) ( 3) In case of a shallow flaw, the Code Case of Nuclear Power Generation Facilities provides the critical fracture stress σ c depending on the axial flaw depth that is less than or equal to 0.5t instead of σ f . The expression of σ c is shown below.
(4) LL using σ c was calculated for plastic collapse. b. Two-parameters method As described in the first chapter, the two-parameters method evaluates the fracture behavior using two parameters Load P (kN) Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [DOI: 10.1299/mej. (5) (6) Here, (7) K in Eq. (7) was calculated using the K equation for a semi-elliptical surface flaw of a plate, as described in Appendix E-5 of the JSME rules on FFS, and by fixing the flaw shape and changing the applied load. J was calculated directly by FEA in a similar manner to K. S r cutoff is determined by σ f /σ y .
DCGL is a trajectory of K r and S r with crack extension under fixed applied load or stress. The DCGL of a flat plate with a surface flaw was determined in accordance with the definition of S r ' using the same equations (5), and K r ' shown in Eq. (8) with fixed loads and continuing crack growth until a/t=0.8. Aspect ratio of the flaw was fixed.
(8)
(2) Material data
Specimens for the material tests were taken from the material for the flat plate specimens. They were exposed to the same thermal aging condition as the flat test specimens. Material properties at 325°C are shown in Table 3 . The S-S curve for each specimen is shown in Fig. 5-8 . The S-S curves for FEA were averaged by two material test curves.
J Q values were obtained from fracture toughness tests using 1/2TCT specimens. J-R curves were fitted by the equation J=C 1 (Δa) C2 . J Q , C 1 and C 2 are shown in Table 4 . J-R curves of each material are shown in Fig. 9 -12. The curve used for FEA was the lower of the two measured curves for each material. 
6 K r and S r relating to fracture mechanics and mechanics of materials. K r and S r are basically defined by K I /K Ic and σ/σ y , respectively. In the original two-parameters method, the FAC of the Dugdale model was derived using a relation of K r and S r . FAC is a trajectory of K r and S r along increase of applied load or stress without crack extension. For a fracture mode of ductile crack extension, FAC is expressed using the J-integral and expressions for a flat plate with a surface flaw were determined in accordance with the definitions of S r and K r , as shown in Eq. (5)- (7).
Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [DOI: 10.1299/mej.16-00642] Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [DOI: 10.1299/mej.16-00642] 
(3) FE model
Abaqus Ver. 6.8 was used for FEA. Figure 13 shows an example of an FE mode which is a quarter model due to symmetry. An FE model for the A6 specimen has 29,950 elements and 33,730 nodes. The element type is an eight node brick element. A pin was modeled using rigid elements, and tensile load was applied at the center of the pin. A tab was modeled with elastic elements. 
Analysis result (1) Critical fracture stress
The critical fracture stress σ c was calculated with Eq. (4). Figure 14 shows the results based on ferrite content of base metal and weld metal. Rounded values 10% and 19% for ferrite content are used to express low values of 9.3%, 10.5% and high values of 18.9%. As shown in the figure, the critical fracture stress increases with decreasing flaw depth and increasing ferrite content. The maximum load or stress by the LL method was calculated using two kinds of criteria for flow stress and critical fracture stress. Vol.4, No.4 (2017) [DOI: 10.1299/mej.16-00642] Calculated load P-COD relations from FEA were compared with the measurement results. The curve for each specimen is shown in Fig. 15 . The horizontal dotted lines show the maximum loads and the points indicate the ductile crack initiation by EPC method. Generally FEA can simulate the measured curves. The reason for the slightly larger discrepancy from early loading for curves A2 and A4 might be due to a larger scatter of the S-S curve for aged A1-A4 material, as shown in Fig. 5 . Because material of A6 and A7 is aged CASS with high ferrite content, ductile crack growth occurs easily. The difference of the P-COD curves between FEA and the experiment near the maximum load of these specimens can be explained by this reason. Table 5 shows the comparison of ductile crack initiation load between experiments and FEA. The measured load was determined by the EPC method. The calculated load was determined at the point where the calculated J value was equal to J Q from Table 4 . The ratios of the loads from experiment to those from FEA are 0.98-1.14 which shows relatively good coincidence except for specimen A5. The initiation point by the EPC method of the specimen A5 is not indicated because an inflexion point was not measured due to the cable coming off for the EPC measurement from the terminal. The difference between the results of experiments and the analyses of the other specimens may be caused by an error in EPC measurement, and the difference of the J value at ductile crack initiation between a CT specimen and a flat plate from different constraints. This can be explained by the tendency of most ratios being larger than 1.0. Figure 16 shows comparison of the predicted maximum stresses with the experiment data.
The maximum stress of the specimens A1 and A2 with low ferrite content and a shallow flaw can be predicted by the LL method using critical fracture stress σ c . As the specimens A3 and A4 have low ferrite content with relatively deep flaws, the LL method with flow stress criterion σ f predicts the maximum load conservatively. For these specimens there is very little difference between the maximum loads of the two-parameters method and the LL method because the fracture mode was plastic collapse. The specimen A5 has the largest margin for the prediction load by the LL method. For the high ferrite content specimen A6, the LL method provides a small under-prediction, but the maximum stress by the two-parameters method agrees well with the experiment.
A7 is the weld joint specimen. The two-parameters method predicts the experimental result very well. A6 has the same geometry as A7. The measured maximum loads of both specimens are nearly equal and the loads by the two-parameters method predict the measurement conservatively and precisely without residual stress consideration. This means the effects of different weld metal properties between the base metal and weld metal, and the residual stress are negligibly small. (2) 1.14 Note (1): the maximum J in base metal, (2): J at the deepest point of the flaw Fig. 16 Comparison of maximum stress by experiment and analysis (3) Screening criteria for selection of flaw evaluation corresponding to fracture mode ASME Sec. XI and JSME Rules on FFS have introduced the screening criteria (SC) to choose either the LL or the EPFM analysis method for ferritic piping since fracture toughness of ferritic pipes largely depends on its material. Fracture toughness of CASS also varies largely depending on ferrite content and aging condition, but the current version of the JSME rules does not apply SC to a CASS pipe. EPRI Technical Report, 1988 describes that the value of SC (SC) which was defined by K r '/S r ' from the two-parameters method's calculation using a bent pipe with a fully circumferential flaw, or a pressurized pipe with a 2D axial flaw, for a specific material. The authors confirmed whether SC is applicable to predict the failure mode of the fracture tests for the CASS flat plate specimens and a primary coolant pipe with an axial flaw. For SC calculation of a flat plate, the same equations in section 2.3.1 (1) were used. SC of a pipe was calculated in accordance with the JSME rules. Figure 17 shows the ratio of flaw depth to thickness a/t-SC relation for each model. The material of each pipe was assumed to be the same as the flat plate. From the results of Fig 16 and Fig. 17 , only A7 of the flat plate specimens should be evaluated by the EPFM method. As shown in Fig. 16 , the difference between the measured and predicted maximum stress by LL method in the case of the specimen A6 is 6%, but that for A7 is nearly 20%. Therefore 0.2 for SC also appears to be a suitable value to choose for the evaluation method of CASS pipe. Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) Kawaguchi et al.2005 developed prediction models for the S-S curve and J-R curve of CASS for thermal aging. His model focused on a relatively low strain region, less than 4% of total strain for R-O fitting. As a result, in higher strain regions, the predicted stress is lower than the actual stress. The stress level for fracture analysis generally exceeds the stresses corresponding to this strain region, and the analysis result may be too conservative. The authors revised the Kawaguchi's model to improve the prediction accuracy in higher strain region.
Thermal aging model of S-S curve and J-R curve for introduction to JSME rules 3.1 Revision of S-S curve
Aging condition and ferrite content strongly affect flow stress and yield stress. Kawaguchi chose (σ y /σ y0 ) and (σ f /σ f0 ) as indices. For the revised model, flow stress was also chosen as an index for the prediction of S-S curves, and four S-S curves were prepared as a database corresponding to the flow stress level. The categorized S-S curves at 325°C are shown in Table 6 and Fig. 18 . Prediction flow is shown in Fig. 19 referring to Kawaguchi's model. Items 1-4 are the same as his model. Figure 20 shows the comparison of the measured and predicted stresses at the same strain for CASSs with different ferrite content. Data are within two times standard deviation.
Verification of the revised model
According to the flow, the predicted S-S curve of 10.5% ferrite CASS with aging condition of 400°C-60,000hr was obtained as one sample. Figure 21 shows the comparison between S-S curves of the measured data, the original Kawaguchi's model, and the revised model. The revised model agrees better with the measured data than the original one. The revised model is recommended for the JSME rules.
For the J-R prediction model, the original Kawaguchi's model (H3T model) is to be applied to the JSME rules without revision. For the same material mentioned above, comparison of J-R curve from the prediction model and measurement is shown in Fig. 22 , which shows good and conservative results compared with the prediction model. Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [ Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [DOI: 10.1299/mej.16-00642]
New Z-factor of a pipe with an axial surface flaw
The JSME rules have introduced the Z-factor concept as the EPFM method for CASS, weld metal of SS and ferritic steel pipes. The current rules only include the Z-factor equations for a circumferential surface flaw. Kamaya et al. 2016 proposed Z-factor equations for these materials for pipes with an axial surface flaw. The authors verified its applicability for the equation of CASS pipes by comparing with the Z-factor derived from FEA.
Analysis condition
ASME Sec. XI or the JSME rules define Z-factor as a ratio of plastic collapse load (stress) to ductile instability load (stress). In order to obtain the ductile instability load, J-integral calculation is needed. The authors performed FEA to calculate J and determined the ductile instability load by the two-parameters method. Abaqus Ver. 6.8 was the FE Code used.
(1) Material properties Two material data from the flat plate specimens' and two materials from Kawaguchi et al. 2005 with fully aging condition were chosen. Table 7 shows the measured tensile properties and fracture toughness of each material. In Table  7 C 1 and C 2 are the fitting constants for the J-R curve. Figure 23 and Fig. 24 show the S-S curves used for FEA and the J-R curves used for the two-parameters method. Table 7 Material properties for Z-factor calculation Figure 25 shows a quarter symmetrical FE model with an axial flaw and one example of a detailed figure for a flawed section. Pressure was applied to the inner surface and equivalent axial load was applied at the end of the nominal cross section, which was kept in plain constraint. The element type was a 20 node brick element and the numbers of elements and nodes were 34,730 and 164,900, respectively. Here p 0 is the plastic collapse pressure with σ y provided by Appendix E-10 of the JSME rules. The equations are shown below.
 
To avoid additional conservatism, R i was replaced by R av for the calculation. The cut off was defined by S r =p f /p 0. p f is the plastic collapse pressure with σ f .
The DCGL was drawn by calculating S r ' and K r ' with a parameter flaw depth a and fixed pressure. The equations for S r ' and K r ' are the same as those of S r and K r . The maximum flaw depth was 0.75t.
(4) Analysis case Table 8 shows the analysis cases. The flaw shapes were selected considering those of the flat plate specimens. Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [DOI: 10.1299/mej.16-00642] Figure 26 shows the FADs of Case 1 and Case 5 as examples. Case 1 is for low ferrite content and Case 5 for high content. As shown in these figures, the fracture mode of Case 1 is plastic collapse, and that of Case 2 is ductile fracture. Except for Case 4, the proposed Z-factors are nearly equal to or larger than those from FEA. As Case 1 is for low ferrite number, the fracture mode is plastic collapse. In Fig. 26 , DCGL contacts the tail of FAC, meaning FEA also estimates plastic collapse fracture mode. However, since Eq. (14) only has parameters D o and a/t, a large Z-factor was estimated in Case1. For Case 3, due to a very large a/t, the difference between both Z-factors becomes smaller. Since the condition of Case 4 is the application limit of flaw size and ferrite content, the prediction seems on unconservative side. As a result, the Z-factor's equation has a large enough margin if the ferrite number is less than 20%, and it is confirmed that the equation is applicable to CASS pipes. In order to reduce unnecessary margin, direct analysis is recommended to calculate the Z-factor using the S-S and J-R curves with the prediction models described in Chapter 3. Hojo, Ochi, Ogawa, Hayashi, Nishi and Yamane, Mechanical Engineering Journal, Vol.4, No.4 (2017) [DOI: 10.1299/mej.16-00642]
Analysis result
Conclusions
 The fracture tests using tensile flat plate specimens with a surface flaw showed that an unaged or aged low ferrite specimen fractured by plastic collapse.  Critical fracture stress σ c for plastic collapse can be applied to not only a ferrite pipe but also a CASS pipe.  Thermal aging has a large effect in the case of large ferrite content. The J-R curve becomes lower and the S-S curve becomes higher. This compensates maximum load on the fracture behavior. The test results of the flat plate specimens show very small difference between high and low ferrite content, and unaged and aged conditions.  Therefore if the thermal aging prediction model is introduced, the models have to be considered not only for J-R curves, but also for S-S curves.  The S-S prediction model was revised from the original Kawaguchi's model, and improvement of prediction accuracy was verified.  The Z-factor for an axial flaw proposed by Kamaya is applicable to CASS pipe by applying an FEA model of a primary coolant pipe with a very large margin for ferrite content less than 20%.  The knowledge from this research is to be reflected in the revision of the JSME rules on FFS for the fracture analysis method of CASS pipe.
